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PURPOSE

he Idaho Chemical Processing

Plant (ICPP) was constructed on

the site of the National Reactor
Testing Station, which is now the Idaho
National Engineering and Environmen-
tal Laboratory (INEEL), and has stored
and reprocessed irradiated nuclear fuel
since 1953 to recover uranium 235, nep-
tunium 237, and krypton 85 for the U.S.
Department of Energy and its predeces-
sor agencies.'™ The primary focus of the
reprocessing at ICPP was on fuels that
contained highly enriched uranium for
recovery of the fissile uranium with no
plutonium recovery. The fuel reprocess-
ing included multiple head ends to
process aluminum, zirconium, stainless
steel, and graphite-clad fuels. Rather than
be neutralized and stored in carbon steel
tanks, as was the common practice at that
time, the resulting acidic high-level liq-
uid radioactive waste (HHLLW) has been
stored in stainless steel, 1100-cubic me-
tre, single-shell tanks in underground
concrete vaults. A solidification process
was developed to form a granular calcine
solid from the acidic HLLW with a sev-
enfold volume reduction using the waste
calcining facility (WCF) and the new
WCF (NWCE). The calcined waste is
stored in near-surface, stainless steel bins
within concrete vaults. Glass and glass-

ceramic formulations were developed to
immobilize ICPP calcines.

This article reviews some of the key
decision points in the historical develop-
ment of spent-fuel reprocessmg and
waste management practices* at ICPP
that have helped ICPP to successfully ac-
complish its mission safely and with min-
imal impact on the environment.

ICPP REPROCESSING
DEVELOPMENT

The ICPP was located on an arid tract
of withdrawn public land previously
used by the U.S. Navy for testing guns
and munitions. The development of the
initial plant processes and the initial de-
sign scoping of the plant were carried out
by Oak Ridge National Laboratory
(ORNL). After completion of the design
studies, the Atomic Energy Commission
Processing Advisory Committee recom-
mended in April 1950 that the plant be
built at the National Reactor Test Site, a
precursor of INEEL, in Idaho. In June
1950, the Foster Wheeler Corporation
was selected as the architect-engineer
with responsibility for all detailed plant
design except for the processing equip-
ment. The American Cyanamid Com-
pany was selected as the operating con-
tractor in late 1950, and the Bechtel

Corporation was selected as the con-
struction contractor. Excavation started
in 1950, and construction was complete
in mid-1952. After a preliminary test,
cold run, and low-radiation-level-run pe-
riod, the plant was placed in routine pro-
duction tn March 1953. Late in 1953,

Phillips Petroleum Company assumed
responsibility for plant operation. VThe
orlgmal main processing building at
ICPP is shown in Fig. 1 and consists of
29 cells, each typically 20 feet square and
28 fr deep. The bottom of the cells was
lined with stainless steel, and mainte-
nance was accomplished by direct con-
tact after decontamination. With the ex-
ception of four cells, which had viewing
windows and manipulators, the in-cell
equipment was controlled remotely from
an operating corridor that ran the length
of the building between two rows of
cells. Figure 2 is a 1956 photograph of the
completed reprocessing and fuel storage
facilities and location of the underground
HLLW storage tanks.

The ICPP was designed for the pro:
cessing of highly enriched uranium fuels’
from more than 100 reactors, including
aluminum, zirconium, stainless steel, and
graphite fuel types. Aluminum-based
fuel was typically dissolved? in nitric acid
using a mercuric nitrate catalyst; zirco-
nium-based fuel was typically dissolved
in hydrofluoric acid, which was subse-
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processing of Materials
Testing Reactor (MTR)
fuel.26

A rare gas plant with
the capability of recover-
ing fission product xenon
and radioactive krypton
85 from fuel dissolver
off-gases was constructed
as part of ICPP. The first
process used liquid nitro-
gen—cooled carbon beds
to capture the noble gases
from the aluminum dis-
solver off-gases.27%% The
carbon beds were re-
placed in 1958 with a
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Fig. 1. Drawing perspective of ICPP fuel-repracessing-plant building CPP 601

hydrogen recombiner
was added in 1978 1o per-

quently complexed with aluminum ni-
trate while using soluble neutron poisons
to control criticality; stainless steel-based
fuel initially used sulfuric/nitric acid dis-
solution and later used electrolytic dis-
sclution in nitric acid containing gadolin-
ium as a neutron poison. Graphite-based
fuel was processed by combustion of
graphite followed by nitric and hydro-
fluoric acid dissolution of the resulting
ash. Low-level wastes from throughout
ICPP were collected, concentrated
through evaporation, and transferred to
the liquid waste tanks. Figure 3 illustrates
the ICPP processing flow sheets, includ-
ing the multiple head-end dissolution
processes.

In the recovery of highly enriched ura-
nium, ICPP began reprocessing Hanford
aluminum fuel® in the batch aluminum
dissolution facility in 1953. In 1955 the
facility was modified for continuous alu-
minum dissolution.”"!® A batch zirco-
nium dissolver!! was operational in 1956,
and stainless steel dissolution using sul-
furic acid1%13 was developed in 1956.
Semicontinuous zirconium dissolution
using the soluble poison (boron) was de-
veloped'# in 1965. A coprocessing flow
sheet was developed to use the aluminum
nitrate from the aluminum fuel dissolver
solution to complex the fluoride from the
zirconium dissolver solution to minimize
the addition of process reagents.! Elec-
trolytic dissolution of stainless steel fuel

in nitric acid using soluble gadolinium
poison'®19 replaced the Carpenter-20
stainless steel dissolver in 1971. Process-
ing of graphite-based Rover fue] was ini-
tiated?%~%2 in 1983. A new zirconium-
based dissolution process, the fluorinel
dissolution process (FDP), was con-
structed in 1986 as part of the {luorinel
and storage facility (FAST) and used
viewing windows, manipulators, and a
crane for remote operation and remote
maintenance.?> The FDP used cadmium
and/or boron-soluble poisons in reagents
that included hydroflueric acid, nitric
acid, and aluminum nitrate in three batch
dissolver and complexer trains operating
in parallel. A custom processing facility
was operated to process small to moder-
ate quantities of fissile material from a va-
riety of fuels that could not be processed
by conventional facilities and equip-
ment.2* A total of 31 432 kilograms of
uranium containing highly enriched ura-
nium 235 was recovered at ICPP from
1953 through 1991. The amount of re-
covered uranium for each category is de-
scribed in the following as category/kilo-
gram of uranium: aluminum/15 636,
zirconium/5403, stainless steel/6036,
graphite/3028, and custom process-
ing/1329.

Neptunium 237 was first recovered
from the fuel dissolver product in 1965,
and the solutions were stored unuil it was
purified and shipped?® in 1972. Barium

mit noble gas recovery
from the zirconium fuel dissolver off-gas
containing hydrogen. More than 10C 000
curies of krypton 85 and 8000 litres of fis-
sion product xenon were captured after
the restart and upgrade of the rare gas
plantin 1968.

The dissolver effluent from the disso-
lution facilities contacted organic solvent
countercurrently in three different ex-
traction cycles.23! The basic process
used tributyl phosphate in normal paraf-
fin hydrocarbon to extract uranium from
the dissolver effluent. The second and
third cycles used hexone for improved
product purity. Before 1969, the uranyl
nitrate was packaged and shipped to fuel
fabrication facilities. After 1969, the con-
centrated uranyl nitrate was converted to
uranium trioxide, prior to shipment, us-
ing a fluidized-bed process developed
and implemented3? at ICPP, The raffi-
nate from the solvent extraction process
(the high-level waste (HLW)] was trans-
ferred to liquid waste storage tanks.

Additional details of the different fuel
dissolution head ends follow.

Batch Aluminum-Uranium
Dissolution )

The first fuels processed at ICPP were
uranium shugs from Hanford in 1952 fol-
lowed by fuels from the Experimental
Breeder Reactor (EBR)-I and uranium-
aluminum alloy fuels® from MTR. Sepa-
rate dissolution, feed adjustment, and
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feed solution storage facilities for EBR-I
fuel had been designed as a portion of the
original plant. The equipment was first
checked by cold runs during the preop-
eration testing period in 1952. Runs con-
ducted in July 1954 used depleted ura-
nium siugs and pieces of aluminum
tubing charged to the EBR dissolvers.
New flow sheets were prepared for the
EBR “hot” runs conducted in 1955 be-
cause of larger than anticipated EBR slug
charges. The EBR-I core fuel elements
consisted of several short pieces of en-
riched uranium rod enclosed in stainless
steel tubing. Natural uranium slugs were
placed in the tubing above and below the
enriched material for breeding. The stain-
less steel outer shell was cut from the
slugs, and the slugs were put in aluminum
tubes at the reactor before transfer to
ICPP. Because of low burnup (approxi-
mately 0.2 percent), only two extraction
cycles were required for the EBR-I fuel to
purify the uranium. The hot full-scale
production runs were successful in dis-
solving the fuel and decontaminating the
uranyl nitrate to “exceptional radiochem-
ical quality,” with a total uranium recov-
ery of more than 2740 kg.

Continuous Aluminum-Uranium
Dissolution

Aluminum-clad fue! from university
and test reactors throughout the world
was processed using continuous dissolu-
tion’~19 at ICPP. Continuous aluminum
dissolution using nitric acid and mercuric
nitrate catalyst was run from 1955 until
1992, when reprocessing was curtatled.
Early development in support of the con-
tinuous dissolver used a “tall” 5-cen-
timetre (2-inch) —diameter stainless steel
pipe with a cooling section at the top.
The acid feed was continuously steam
heated to near-boiling temperatures. The
product was water cooled and collected
in a stainless steel drum. The reactor fuel
material charged to the dissolver was
simulated slugs, 3.8 ¢cm (1.5 in.} in diam-
eter and 20.3 cm (8 in.) long. Extruded
aluminum bar stock and cast and ex-
truded slugs were used in the initial ex-
perimental work. Marked differences
were observed in the dissolution rates of
cast and wrought alloys. At constant acid
feed conditions, dissolution rates varied
with the cube root of catalyst {(mercury)
concentration. A simulation of the
process was reported,®® and a new cata-

lyst for a nitric acid dissolution process,
which avoided using the mercury cata-
lyst, was patented.>*>> The total amount
of uranium recovered using continuous
aluminum-uranium dissolution was less
than 12 896 kg.

Batch Zirconium Dissolution
Zirconium fuel is resistant to nitric
and hydrochloric acids and has limited
solubility in sulfuric acid.!! Therefore,
hydroflueric acid was used for dissolu-
tion of zirconium-based fuel, and Monel
was used as the material of construction
for the dissolver. The zirconium-hydro-
fluoric acid reaction liberates hydrogen
gas, which was controlled to remain be-
low the explosive limit by controlling
the rate of acid addition to the dissolver
and by purging with nitrogen, which
also reduces dissolver corrosion. A feed
adjustment step using chromic acid and
then aluminum nitrate oxidizes the ura-
nium to the VI valence state, complexes
excess fluoride, and supplies nitrate ion
salting strength for adequate extraction.
The cold production runs using unirra-
diated fuel assemblies tested the chem-
istry and equipment of the proposed

Subsurface HLW Liquid
Storage Tanks ]

Lo
P A

Fig. 2. A 1956 photograph of fuel storage building CPP 603, fuel-reprocessing building CPP 601, and location of undergrownd HLW tank storage
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Fig. 3. ICPP processing flow sheets, including the multiple head-end dissolution processes

flow sheet. Hot operation of the batch
zirconium dissolution from 1956 until
1965 resulted in recovery of 68 kg of ura-
nium.

Batch Stainless Steel Dissolution

A small amount of submarine inter-
mediate reactor (SIR), organic moderated
reactor experiment (OMRE), and Val-
lecitos boiling water reactor (VBWR)
fuel was successfully reprocessed
using sulfuric acid to dissolve stainless
steel~bearing fuel!%1? berween 1956 and
1970. In the SIR process, the fuel ele-
ments were dissolved in sulfuric acid. Ni-
tric acid was then added to dissolve the
uranium oxide, to inhibit corrosion of
downstream stainless steel by the dis-
solved product, and to provide salting
strength for the extraction. The dissolver
was 15.2 cm (6 in.) in diameter and 8.2
metres (27 ft) high with a working vol-
ume of 75 L. Carpenter-20 was selected
for the dissolver marerial. A total amount
of 136 kg of uranium was recovered us-
ing batch stainless steel dissolution.

Semicontinuous Zirconium
Dissolution with Soluble Poison
Highly enriched zirconium-uranium
alloy fuels were processed continuously
beginning in 1965 at ICPP in the first cam-
paign in which a soluble neutron poison
(boron) was used for primary criticality
control, which also resulted in processing
rates up to tenfold greater than for previ-
ous zirconium-processing campaigns. 4 A
boron monitor was developed to ensure
that 3.8 grams/L of boron was present at
all times. The monitor consisted of two
BF; neutron detector tubes immersed in
the dissolvent mzkeup tank with a Pu-Be
neutron. source. The neutron detector
tubes were located 11.4 cm (4.5 in.) from
the source. (The oniginal ICPP zirconium
dissolver was limited to 1700 g of total ura-
nium before burnup. Equipment down-
stream of the original dissolver was safe by
geometry.) An average of about 600 kg of
zirconfum was charged to a slotted basket
inside the 106.7-cm (42-in.)-diameter
Monel dissolver. The original beli-shaped
dissolver was replaced in 1978 with an an-

nular design, increasing the capacity by 25
percent. Dissolver product overflowed
continuousty from the dissolver and was
transferred to a feed adjustment tank for
continuous complexing with the alu-
minum nitrate solution. A total amount of
3789 kg of uranium was recovered using
semicontinuous zirconium dissolution
with soluble poison from 1965 to 1986.

A coprocessing flow sheet was devel-
oped to minimize waste generation by
replacing the addition of aluminum
reagent required to chemically complex
the fluoride from the zirconium semi-
continuous dissolution with aluminum
nitrate generated from the aluminum dis-
solver. The resulting fluoride-containing
stream could then be contained in the
stainless steel piping without excessive
corrosion and with a minimum addition
of process chemicals.!?

Electrolytic Dissolution of Stainless
Steel-Clad Fuel

A process was initiated in 1973 for
stainless steel-based fuels®~'? primarily
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from EBR-IL. The fuel was placed in a ni-
tric acid—flooded electrically inert nio-
bium basket between a titanium cathode
and a platinum anode. Under a direct
current, the stainless steel becomes an-
odic, dissolves in nitric acid, and 1s com-
patible with subsequent solvent extrac-
tion. The pilot-plant dissolver simulated
a 10.1-cm (4-in.) section of a plant-scale
unit. In this dissolver, fuel elements were
charged horizontally into a basket placed
between the electrodes. The nitric acid
solution was supplied equally to the an-
ode and cathode sides near the bottom of
the dissolver and flowed out near the top
of the dissolver with the off-gas. The
electrolyte was continuously recirculated
to the bottom of the dissolver after being
passed through a cooler.

The 18 pilot-plant test runs with sim-
ulated and actual fuel element sections
showed adequate dissolution rates and
process control for processing highly en-
riched stainless steel and Nichrome cer-
met fuel. The first processing campaign,
completed during the first four months
of 1973, resulted in recovering 1500 kg of
uranium (52.5 percent enriched) from
EBR-1I fuel and scrap. Dissolution pro-
ceeded entirely as expected, and the use
of gadolinium as a nuclear poison proved
entirely satisfactory. The total quantty
of uranium recovered using electrolytic
dissolution of stainless steel-clad fuel
was 590C kg.

Graphite-Based Rover Fuel
Processing

Hot operations were initiated in 1983
to recover uranjum from graphite ma-
trix rocket (Rover) fuels.%22 The
process developed at ICPP was based on
charging whole fuel elements to the pri-
mary burner (to avoid having to crush
the elements), burning the graphite con-
tinuously in a fluidized-bed burner, elu-
triating the metal oxides for collection
and subsequent charging to a batch sec-
ondary burner for complete combustion
of graphite and collection of the result-
ing ash, and dissolving the secondary
burner ash using nitric and hydrofluo-
ric acid. The nitric acid sufficiently dis-
solved U,0q, but complex niobium-
uranium compounds in the form of
Nb,UO;, (about 10 to 15 percent of the
uranium) required hydrofluoric acid for
dissolution. Extensive development of
primary and secondary burner concepts
was undertaken. The ash dissolution
step involving hydrofluoric acid mixed
with nitric acid required a special plastic,
Kynar™ dissolver. Special techniques
developed to reduce erosion in transfer

lines included blinded tees and elbows.
The process was successful in recover-
ing about 3027 kg of uranium through
1984.

Fluorinel Fuel Processing

Hot operation of the fluorinel disso-
lution process?® (FDP) began in 1986.
The process chemistry, the performance
of the equipment, and the nuclear safery
of the system were all successfully
demonstrated during the first year of op-
eration. The primary purpose of the FDP
was to dissolve spent Zircaloy-clad
Naval reactor fuels in preparation for the
recovery of unused uranium. The FDP
process developed at ICPP consisted of
three dissolver-complexer trains, each
operating batchwise, The batch process
was necessary to allow implementation
of new step controls for criticality safety
in large-diameter dissolvers (with 91.4-
cm or 3-ft diameters) and complexers
(with 167.6-cm or 5.5-ft diameters). Crit-
icality safety was ensured in these vessels
using soluble neutron poisons in reagents
and limiting the mass of uranium 235 to
12.9 kg per train. Cadmium was used for
the poison in all reagents except hydro-
fluoric acid, which used boron because
of solubility requirements. The process
was successful in recovering greater than
99.5 percent of the uranium from each
batch. Development of the chemical flow
sheet required a delicate balance between
corrosion control in the Hastelloy C-4
dissolvers and precipitate formation. The
complexing step required determination
of the zirconium-fluoride complexing
constants and development of a titanium
electrode?®3” to measure free HE. A to-
tal amount of 1546 kg of uranium was re-
covered using the FDP.

ICPP WASTE MANAGEMENT
CONSIDERATIONS AND DESIGN
DECISIONS

Increasing liquid waste volumes were
projected as more and more fuel was
committed for reprocessing. Basic deci-
sions were made that resulted in a differ-
ent approach than at the other DOE re-
processing sites; the following issues*
ensued.

Neutralization of the Acidic
Raffinate

A decision was made not to neutralize
raffinates with sodium hydroxide, as was
commonly practiced in those days. This
was possible because of the implementa-
tion of improvements in extraction tech-

nology. Neutralization would have sig-
nificantly increased the volume of the
HLLW generated and complicated its use
as an isotope feedstock for ORNL's ex-
panding isotope-recovery operations and
would have precluded continuous flu-
idized-bed waste calcining because of the
inability of the process to handle high
concentrations of alkali nitrates present
in the neutralized waste.

Design and Number of Liquid
Storage Vessels

A limited number of 1100-m> (300 000-
gallon) waste tanks were constructed us-
ing stainless steel instead of carbon steel.
Stainless steel was available after the end
of World War IT and was necessary be-
cause the waste was kept acidic. The ini-
tial tanks were constructed of Type 348
stainless steel. Corrosion testing was used
to justify the substitution of more eco-
nomical Type 304L stainless steel in furure
tank construction. Tanks planned for use
with HLW were equipped with in-tank
cooling systems to maintain the solution at
alow temperature, which minimized ma-
terial corrosion. Acidic waste with no pre-
cipitates minimized the formation of gal-
vanic corrosion cells between solution
precipitates and the tank material. Two
ranks were constructed at the start of re-
processing, and the current number of 11
tanks was completed in 10 years. Asa con-
sequence of the waste calcination process,
no more liquid waste tanks were required
for the 30+ years of fuel reprocessing. No
tank failures have been experienced, even
for tanks used to store aluminum-com-
plexed-fluoride solutions.

Selection of Calcination Process

Initially the liquid extraction raffinate
was primarily aluminum nitrate. Candi-
date solidification processes included pot
calcination, spray calcination, and rotary
kiln calcination.®® Later the fluidized-
bed process was chosen because it was
continuous, was readily adaptable to re-
mote operations, had no moving parts to
wear out, had adequate throughput ca-
pacity to meet ICPP requirements, and
was adequately developed for the
demonstration.’

Design and Construction of
Calcined Solids Storage Bin Sets
Calcined solids were stored in stainless
steel bins with extended design lives. The
vessel design was based on a critical cen-
terline temperature that would prevent
the radionuclide migration. The fifst cal-
cined solids storage facility (CSSF) was
conservatively designed and constructed
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of annular bins; subsequent CSSFs incor-
porated observed heat transfer experience
and employed a more economical cylin-
drical bin design. After CSSF 1, subse-
quent CSSFs were designed with retrieval
ports and access for future retrieval to al-
low for subsequent processing.

CALCINATION TECHNOLOGY
DEVELOPMENT

The concept of calcining radioactive
liquid waste by atormizing the liquid in a
heated bed of inert particles was origi-
nated by Argonne National Laboratory
(ANL). Early development by ANL
consisted of brief feasibility studies using
a 7.5-cm (3-in.)—diameter calciner and
additional more extensive studies using
both unshielded and shielded 15-cm (6-
in.}—diameter calcipers.*041 Tests with
the 7.5-cm~diameter calciner were all
with cold feed. Subsequent tests with the
15-cm—diameter calciners were both cold
and up to 12 percent spiked, hot, as-pro-
duced feed from ICPP primarily to test
the behavior and treatment of fission
products in the calcination process. Ini-
tial development was based on testing the
acidic aluminum nitrate solution and was
later extended to include Hanford-type
PUREX waste. The ANL pilot-plant ex-
perience indicated that the fluidized-bed
process was feasible and that ruthenium
was the only volatile fission product. The
tests showed that virtually all activity ex-
cept ruthenium remained in the solid
product over the temperature range of
350 to 550°C, Ata 350°C operating tem-
perature, about 88 percent of the ruthe-
nium was volatilized, whereas at 550°C,
less than | percent was volatilized. Both
sintered metal filters and venturi scrub-
bers, in which the scrub solution was re-
cycled to the feed to minimize additional
waste streams, were tested for removing
particulates from the off-gas; silica gel
adsorbers were tested for removing
volatile ruthenium. Using the ANL 15-
cm (6-in.) calciner, venturi scrubbers and
silica gel were found to be very effective
in removing particulates and ruthenium,
respectively, from the off-gas. Tests also
showed that the silica gel could be read-
ily regenerated.

Pilot-plant testing at ICPP used a 15-
cm (6-in.}—-diameter pilot-plant calciner
patterned after the one used by ANL but
with a number of changes to provide
equipment and process scaleup data and
to define process parameters for design-
ing the demonstration waste calcining fa-
cility*?43 (DWCF). The 15-cm-diameter

calciner vessel was 1.7 m (5.5 ft} long and
contained a charging tube, a thermowell,
and an off-gas tube at the top of the ves-
sel. The calcined product was removed
continuously by means of a 1-in. drawoff
line extending 61 ¢cm (2 ft) above the dis-
tributor plate. Heat was supplied by 18
internal electric heaters with 15-cm (6-1n.)
heated lengths located horizontally inside
the calciner bed. Liquid feed was intro-
duced under pressure through commer-
cially available pneumatic atomizing
spray nozzles. To provide operating data,
pressure taps and thermocouples were lo-
cated throughout the bed. Calciner auxil-
lary equipment included a cyclone, a
spray scrubber, a condenser, and a flu-
idizing gas preheater. Operaung variables
studied were feed rate, bed temperature,
fluidizing velocity, feed nozzle air-to-feed
ratio, product drawoff, and liquid feed
composition. A problem with size distri-
bution not reaching steady state made it
difficult to determine various effects of
operating variables on the product.

It was generally determined that feed
rate influenced particle-size distribution
and possibly bulk density. Low feed rates
generally produced smaller particles than
at higher rates. The effect of feed rate on
bulk density was not conclusive. The bed
temperature measurements showed de-
creasing bulk density with increasing bed
temperature throughout the temperature
range studied. The bed temperature also
had a profound effect on particle-size
generation. Low bed temperatures
(300°C) produced large mass mean par-
ticle diameters, whereas 500°C tended to
produce fines. Changing fluidizing ve-
locity appeared to change particle-size
distribution. Runs were made at constant
air-to-feed rates, but [ow atomizing air
flow rates possibly caused agglomeration
tendencies. A relatively small amount of
air was passed countercurrent to product
overflow. The air was found to be an ef-
fective means of controlling particle-size
withdrawal. The concentration and com-
position of feed to the calciner was not
studied but was expected to have a strong
effect on calcine structure and size dis-
tribution. Although most runs were
made with aluminum fuel, some ex-
ploratory runs were made with stainless
stee] and zirconium-type fuel raffi-
nates.*243

The results of the pilot-plant tests ver-
ified the feasibility of calcining alu-
minum-type waste. The advantages of

‘the technology include independence

from complicated moving parts, excellent
control of bed temperature with uniform
high heat transfer rates, reduction in the

corrosion potential of the stored prod-
uct, adaptability to remote operation,
and excellent control of particle size and
properues.

ICPP CALCINATION
DEMONSTRATION AND HOT
OPERATIONS

Pilot-plant tests were successful and
established target ranges of principal op-
erating values for a full-scale demonstra-
tion, which included the following: (a)
calciner bed temperatures of 400 to
500°C, (b} fluidizing air velocities of 23
to 40 cm/second (0.75 to 1.3 ft/s), and (c)
air-to-liquid volume ratios of 500 to 750
through the feed nozzle. The DWCF was
constructed at a cost of $6 million from
1958 to 1961. A major portion of the
equipment, about 70 percent, is for off-
gas cleanup. The cleanup equipment in-
cludes a cyclone, a quench tower, a ven-
turi scrubber, entrainment separators,
silica gel adsorbers, and high-efficiency
particulate air filters. Calcium nitrate was
added to fluoride-bearing zirconium-
type waste to react with fluoride and to
reduce corrosion on downstream process
equipment and piping by controlling flu-
oride volatility. The granular calcined
solids product was pneumatically trans-
ferred to and stored in vented stainless
steel bins located in concrete vaults.

The WCF calciner vessel was 1.2 m (4
ft) in diameter. Radioactive feed was in-
troduced into the bed through pneu-
matic atomizing nozzles. The feed was
sprayed through three nozzles equally
spaced in a horizontal plane at a total net
processing rate of 320 L/hour (85 gal/h),
including waste, additives, and scrub re-
cycle. During the first three campaigns
and until June 1969, heat was supplied
by an in-bed heat exchanger bundle us-
ing a sodium-potassium alloy that oper-
ated at a bundle temperature of 400°C.
The NaK was pumped by an electro-
magnetic pump and heated in an oil-
fired furnace. Preheated fluidizing air
was introduced through 14 capped ori-
fices equally spaced on a distributor
plate. Operation at superficial fluidizing
velocities between 25 and 40 cm/s (1.0
and 1.3 ft/s) was satisfactory with aver-
age bed particle size ranging from 0.6 to
0.75 millimetres.

Cold testing began in 1961 and con-
tinued for 112 years. In November 1962,
operation of the DWCF was demon-
strated, and the facility became known
as the WCE Radioactive feed was intro-
duced on 8 December 1963. The first run
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tion of the NWCF and WCF has elimi-
nated the need o build twenty-six 1100-
m? (300 C00-gal) waste tanks to assume
acidic waste storage.*-*8 If the practice of
neutralization had been used to manage
the ICPP HLLW, up o a 7.5-fold in-
creased storage volume would have been
required, or 195~ to 1100-m? tanks (equiv-
alent to 65 Hanford million-gal tanks).*’

HLW IMMOBILIZATION
TECHNOLOGY DEVELOPMENT

As calcining of acidic HLLW became a
reality, it became readily apparent that
methods for final disposal of the calcined
waste must be developed.’® The re-
processed HLW at ICPP consists of var-
ied nuclear-fuel compositions and is also
different from that of either the Hanford
or Savannah River HLW. The major dif-
ferences are that (a)

Because the calcines at ICPP are of
varied composition, a practical and sim-
ple computer code was developed not
only to predict glass stability but also ro
determine a practical glass composition
for a proposed waste composition. The
code has worked effectively to determine
aspects of permissible waste loading, im-
mobilized waste durability, and amount
and type of additives needed.>

Glass Waste Forms
Preliminary scoping tests were run in
the 1960s, and laboratory testing was
started in the 1970s to develop glass for-
mulations for ICPP calcines. Using fully
radioactive calcine,>® a phosphate glass was
prepared in the mid-1960s with the fol-
lowing components in weight percent: alu-
mina calcine, 25; P,O, 40.5; Na,O, 18.6;
and PbO, 15.9. Leaching rates were mea-
sured using continuously circulating dis-
tilled water at 25

the liqud waste 1s
acidic as opposed to
neutralized (basic) and
{b) the ICPP waste
compositions are to-
wlly different. The
ICPP calcined wastes

The reprocessed HLW at ICPP
consists of varied nuclear-fuel
compositions and is also different

‘from that of either the Hanford
or Savannab River HLW.

and 94°C and
were not changed
with a devitrified
sample.  Other
early waste forms
that were studied
in the late 1960s

are derived mainly

from cladding material. Waste from the
early 1960s consists mainly of aluminum,
whereas later reprocessed waste contains
as primary constituents zirconia, calcium
fluoride and alumina, and other con-
stituents such as alkali and other metals.
The calcine, although physically and ther-
mally stable, was leachable for several of
its radioactive constituents, most notably
cesium. Currently, the inventory of 3800
m? of HLW calcine at ICPP consists pri-
marily of alumina and zirconia-based cal-
cines, resulting from dissolution of alu-
minum and zirconium fuels, respectively,
and zirconia-sodium blends. The amounts
of alumina, zirconia, zirconia-sodium, and
fluorinel-sodium calcines are approxi-
mately 560, 1250, 950, and 800 m?, respec-
tively. The major component (in weight
percent) in ICPP HIW alumina calcine in-
cludes alumina (82 to 95), and the major
components (in weight percent) in zirco-
nia calcines and zirconia calcines blended
with other sodium-bearing process and
decontamination wastes include fluorite
(41 to 44), zirconia (17 to 19), calcia (12 to
13), alumina (9 to 14), alkali oxides (5 to 7),
borate (2 to 4), and cadmtum oxide (0 to
7). Fission product content is typically less
than 1 weight percent. An additional 240
m° of calcine inventory consists of calcines
from processing other minor fuels and
startup bed material 3!

included calcine
particle coating with molten aluminum
and steel spray and matrix encapsulation
in metal, glass, plastic, or grout.® In the
1970s, glass formulations were tested fur-
ther. For alumina calcine, waste loadings
of up to 29 and 24 weight percent could be
obtained in a borophosphate® and
borosilicate®® glass, respectively. For zir-
conia calcines, waste loadings of 33 weight
percent were observed using a borosilicate
frit. Laboratory- and pilot-scale melter ex-
periments showed that the high zirconia-
calcium fluoride glass can be produced at
practical melter temperatures, and very
durable melter refractories are required be-
cause of fluoride corrosiveness.>’8
Nonradioactive laboratory- and pilot-
scale and radioactive laboratory-scale
tests were run using the borosilicate frit
127 (composition in weight percent:
5i0,,70.3; Na,0, 12.8; B,O4, 8.5; Li, O,
6.2; and CuO, 2.1). Materials Character-
ization Center (MCC)-1 and MCC-2
leach tests®? indicated that there did not
appear to be significant differences in the
glasses formed using simulated zirconia
calcine at laboratory or pilot scale and us-
ing radioactive zirconia calcine at labo-
ratory scale.?®

Glass-Ceramic Waste Forms
Waste-volume-reduction efforts re-
sulted in the development of glass-ceramic

waste forms during the 1980s for the
ICPP calcined®® HLW. A glass-ceramic
can accommodate up to about 70 weight
percent calcine, whereas a glass can ac-
commodate only about 30 weight percent
calcine. In addition, the glass-ceramic is
about 50 percent more dense. Therefore,
final volume is greatly reduced, and the
glass-ceramic is equally durable, if not
more so. Processing a ceramic waste form
is more sophisticated, ideally requiring a
hot isostatic pressing (HIP) process and
special particulate handling, blending, and
containment technology.

To form durable glass and crystalline
phases, glass-ceramic waste forms were
prepared for various calcine compositions
with the goal of effectively utilizing the
refractory components, alumina, zirco-
nia, and fluorite, Early testing was run
with sintered glass-ceramics,® cold-press
sintered ceramics,®! aluminum phosphate
ceramics,®? and fluorapatite phosphate
ceramics.®’ Polyphase glass-ceramic ex-
periments were carried out for ICPP zir-
conia calcine waste compositions using a
hot isostatic press for high-temperature
sintering. Durable glass-ceramic forms
could be made for zirconia calcine with
additives, including silica, alkali, and yt-
1r12.847%6 Detailed microstructure analysis
of these waste forms revealed the pres-
ence of cubic fluorite, monoclinic zirco-
nia, stabilized cubic zirconia, tetragonal
zircon, zirconolite, perovskite, and amor-
phous aluminosilicate phases. Normal-
ized MCC-1 release rates®” at 90°C of all
major elements were less than 1 g/square
metre-day.

Glass-ceramic formulations were
also developed for zirconium-sod-
lum-blended calcines using added
borosilicate frit and other additives
such as titania and metallic titanium
and aluminum powders.88-73 Major
crystalline phases included fluorite,
zirconia, and  zircon. Sphene,
Ca,Ti;O,4, and other titanates were
formed with added titanium, and
nepheline and caicium-aluminum sili-
cates were formed with the added alu-
minum. The higher amounts of metal-
lic powder increased the amount of
zirconia at the expense of zircon.
MCC-1 leach rates decreased with de-
creased borate, and the lowest normal-
ized elemental leach rates of less than 1
g/m?.day were found in the formula-
tions containing 5 to 6 weight percent
titanium and 2 to 3 weight percent alu-
minum. The amounts in weight percent
of the crystalline phases were identified
by X-ray diffraction as fluorite, 37; zir-
conia, 17; zircon, 14; and sphene, 16.
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The major components in weight per-
cent of the glass phase were identified
by scanning electron microscopy as sil-
ica, 62; alumina, 19; and calcia, 19. The
glass-phase components for the zirco-
nia and zirconia-sodium calcines were
found to lie in the phase stability trian-
gle for silica, anorthite, and alpha-wol-
lastonite.®” Additional studies with
similar calcine and frit composition
were run to determine the effect of
process soak time and added metal sil-
icon and aluminum powders on the mi-
crostructure and durability.”#7% The
lowest leach rates were found for the
aluminum concentration at 2 weight
percent and were found to increase
with increasing silicon concentration.
Constant leach rates were found
for soak times of

CONCLUSIONS

The ICPP fuel-reprocessing operation
that began in 1953 has resulted in the re-
covery of 31 432 kg of highly enriched
uranium and other by-products. The re-
sulting HLLW was converted with a sev-
enfold volume reduction to approxi-
mately 3800 m> of solid calcined HLW,
which 1s stored safely in stainless steel
bins with long design lives, and is sched-
uled for immobilization for shipment of
the glass off-site by 2035. A set of deci-
sions and focused development activi-
ties, including innovative fuel-repro-
cessing technologies, was developed
during the history of ICPP and has re-
sulted in these currently relatively safe
conditions, with no major waste leaks to

the environment,

4,8,16,and 24 h.
Major crystalline
phases were iden-
tified as fluorite,
zirconia, and zir-
con. Minor phases

£ albi d ; ‘
:nor:;lit:e Wf;e problems associated with long-
also identified.”s term HLLW storage.

A full 23 factorial

By calcining and not neutraliz-
ing the HLLW, ICPP avoided
the construction of up to 195
ICPP tanks or 65 Hanford-sized
tanks and all of the potential

which is not the case
at some other DOE
sites. By calcining
and not neutralizing
the HLLW, ICPP
avoided the con-
struction of up to
195 ICPP tanks or
65 Hanford-sized
tanks and all of the

design with a cen-
ter point experiment was performed to in-
vestigate the effects of HIP time, temper-
ature, and pressure on the durability of
ICPP glass-ceramic forms using simulated
zirconium-sodium calcine, borosilicate
frit, and the additives TiO, and titanium.
The results of the study indicate that
higher HIP temperatures and longer HIP
times improve leaching characteristics for
many elements in experimental ICPP
glass-ceramics.”® Using the XSTAT statis-
tical design software, a response surface
methodology was tested for the process-
ing variables, calcine particle size, HIP
temperature, HIP time, calcine ioading,
amount of redox control additive, and
mixing. Glass-ceramics based on tita-
nium,®” aluminum,’” and phosphate”” ad-
ditives were tested, and the titanium for-
mulation was found to be the most durable
and the least sensitive to changes in pro-
cessing variables.”8

Recent evaluations have proposed
dissolution of calcine and separation of
a small high-activity waste fraction,
followed by a significantly smaller-
scale vitrification process. The low-ac-
tivity waste would be disposed on-site
as a grout. Evaluations are continuing
with a full-scale facility projected to
process all of the calcine by 2035 to

meet a 1e%al agreement with the State of
Idaho.”9:80

potential problems

assoctated with long-term HLLW stor-

age. As a result, the HLW storage at

ICPP currendy represents relatively

minimal environmental risk compared to
other comparable DOE sites.

Some of the ICPP pioneering contri-
butions include the following:

1. first to reprocess highly enriched ura-

nium on a production basis

2. first to process breeder reactor fuels,
the EBR-I Core 1

3. first to dissolve spent nuclear fuel con-
tinuously on a routine schedule

4. first to use fixed and soluble neutron
potsons for criticality control

5. first to operate a radioactive rare gas
recovery plant in conjunction with a fuel
recovery process

6. first to process stainless steel-alloyed
fuel by sulfuric acid dissolution

7. first to recover uranium from high zir-
conium-uranium-alloy fuels by dissolu-
tion in hydrofluoric acid and to use an in-
novative coprocessing flow sheet for
minimizing waste volumes

8. first to show that multiple head-end
processing of various fuels is compatible
with common second- and third-cycle
purification

9. first to dissolve stainless steel~clad
EBR-II reactor fuels using electrolytic
dissolution

10. first to develop and implement the

production-scale fluidized-bed denitra-
tion of the highly enriched uranium
product
11. first to develop and implement a pro-
duction-scale calciner to solidify the
HLLW.
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